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Core-level 4f7/2 photoemission spectra have been measured from a single, bifacial W crystal, which
has both a flat W(110) and a vicinal, stepped W(110) [W(320}] surface. This procedure reduces uncertainties in the quantitative description of peaks in the spectra from W(320). Various analyses, including
nonlinear least-squares curve fitting, show that the average surface core-level shift (SCS) for W(320) is
140 meV, compared to —
310 meV for W(110) and that, at a maximum, only two of five terrace
only ——
rows are isoelectronic to W(110) surface atoms. The absence of a large SCS for the step-edge atoms contradicts earlier interpretations of W(320) core-level spectra and departs significantly from expectations
based on atomic-coordination models or tight-binding calculations of a bulk truncated surface. We suggest that systematic errors are responsible for the differences in reported core-level shifts for W(320).
Implications of possible step-edge-driven atomic rearrangements are discussed.

I.

INTRODUCTION

The physical and chemical properties of a solid surface
critically upon the atomic configuration at the
surface. For example, low-index densely packed surfaces
such as bcc(110), fcc(111),or fcc(100) are often chemically quite distinct from their more open counterparts,
bcc(111), bcc(100), and fcc(110). Atomically rough surfaces are expected to exhibit even greater chemical and
electronic variety due to the presence of low-coordination
surface atoms which can serve as nucleation or reaction
sites. The thermodynamically
stable vicinal surfaces (obtained by rotating the crystal a small angle from one
low-index surface toward another) are ideal models for
rough surfaces because low-coordination surface atoms
may be systematically prepared and studied. These surfaces are commonly modeled as terraces of the nearby
low-index plane separated by atomic steps, i.e., as a regularly spaced staircase of Hat terraces each of which is
structurally equivalent to the low-index surface from
which it is derived. This accounts for the thermodynamic stability and the prevalence of vicinal surfaces on polycrystalline films and small particles that are used in
chemical and materials applications.
A natural probe of atom-specific electronic properties
of surfaces is core-level photoemission spectroscopy.
From an electronic-structure viewpoint, differences in the
core-level binding energies (BE's) between atoms in a
metal principally reQect differences in local valencecharge density via the Coulombic interaction between the
core and valence electrons. Experimental work on lowindex transition-metal surfaces has shown that core-level
BE's are well correlated with the local atomiccoordination number, including second nearest neighbors, of a given atom.
For tungsten, lower coordination results in lower binding energy. Hence the binding
energy of a given tungsten core level will decrease in godepend
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ing from bulk atoms to underlayer atoms to a densely
packed surface and finally to an open surface. The decrease in binding energy is commonly referenced to the
invariant core-level BE of bulk atoms, and is reported as
a surface core-level shift (SCS). In the few cases where
this simple atomic-coordination-BE
relationship does
not strictly hold, tight-binding electronic-structure calculations have been used to interpret the relative core-level

shifts. '
If the terraces of a vicinal surface are isostructural to
the corresponding low-index surface, core levels of the
underlayer and top-layer interior-terrace atoms are expected to exhibit the same SCS's as the corresponding
atoms on the low-index surface. Atoms near the step
edge, due to different coordination numbers, are expected
to have SCS's different from those atoms on the interior
of the terrace. In particular, the step-edge atoms, which
have the fewest nearest neighbors, are expected to have
the largest SCS's. In studies of stepped Ir (Ref. 3) and Pt
(Ref. 4) surfaces, this simple picture is consistent with the
core-level data. However, since the intrinsic widths of
the Ir and Pt core-level peaks are larger than their
respective shifts, its is extremely difBcult to make a
definitive assignment of the SCS associated with each
inequivalent atom. In earlier studies of stepped W surfaces, core-level spectra were well fit by assigning a
discrete SCS to each inequivalent atom based upon its
coordination number, with the largest SCS always being
assigned to the step-edge atoms. ' These assignments
have recently come under question since the intensity
variations vs photon energy of the fitted core-level peaks
in the earlier data are much greater than can be accounted for by final-state scattering effects.
Here we report core-level photoemission measurements
of the electronic structure of a vicinal W(110) surface,
W(320). The W(320) surface is obtained by rotating the
surface-normal vector 11.3 from (110) toward the (100)
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of the vicinal surface.
The W(110) half of the sample provide not only an excellent check on surface cleanliness but also two other experimental controls. First, the W(110) surface spectra
provide, due to their simplicity [one component from the
first atomic layer (surface) and one from all other atoms
(bulk)], an absolute energy reference for peaks in the
W(320) spectra. ' Since the binding energy of the photoemission peak assignable to the bulk atoms is insensitive
to surface orientation, we can accurately determine the
binding energies of the W(320) surface peak and its components. Second, the W(110) spectra provide a first-order
expectation of the overall surface/bulk intensity ratios
from W(320) for any given photon energy and scattering
geometry. In order to fully exploit these advantages, a
typical run consists of flashing the sample to remove residual H, recooling to —300 K, and then measuring a
W(320) spectrum. The sample is immediately reflashed,
recooled, and translated parallel to the [001] direction in
order to obtain a spectrum from the other surface with an
identical scattering geometry. With this method matched
pairs of W(320) and W(110) spectra were obtained.
fy the periodicity

(110)

step

FIG. 1. Model of a bulk-truncated

terrace

ase

bcc(320) surface.

direction. The ideal (bulk-truncated) surface consists of
(110) terraces five atoms wide separated by single atomic
steps; see Fig. 1. Tungsten is an ideal material for such a
study since the inherent width of the 4f 7/2 photopeaks is
smaller than a typical SCS. Further, the interdiffusion of
adsorbates is minimized since the surface energy of W is
so large, making W an excellent template for the epitaxial
In distinct congrowth of a wide variety of materials.
trast to the earlier reported work on W(320), ' we find
that no lowest BE peak attributable to the edge atoms of
the terrace exists. In fact, the overall surface spectral
weight is much closer to the bulk than for the flat W(110)
surface. Curve-6tting analysis indicates that, at a maximum, only two out of 6ve terrace rows are electronically
equivalent to W(110). Our results show that earlier
W(320) data ' were misinterpreted due to systematic errors in binding-energy calibration and, more importantly,
views and tight-binding calcuthat coordination-number
lations of bulk-truncated W(320) cannot explain the data.
We suggest that the theoretical failures may be related to
Smoluchowski smoothing of the charge density and/or
possible relaxations or reconstructions of the surface layer.

III. RESULTS AND

ANALYSIS

Four matched pairs of W(110) and W(320) spectra, obtained at a variety of photon energies and scattering
geometries, are displayed in Fig. 2. In this and all other
figures, spectra from W(110) are shown as the solid lines,
while spectra from W(320) are shown as filled circles.
The following observations are characteristic of these and

bulk

W(110) surface
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C
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II. EXPERIMENTAL DETAILS

JD

The core-level data were obtained on the University of
Texas/Sandia beam line on the vacuum ultraviolet (vuv)
Light Source at
ring at the National Synchrotron
Brookhaven National Laboratory. Photon energies between 60 and 110 eV were used to collect data at total
resolutions between 120 and 140 meV.
The W crystal (1-cm diameter by 0. 1 cm thick) was
0. 5 }, spark cut, and mechanically
oriented (to within
polished in order to simultaneously expose two diferent
directions, the flat W(110) and
surface-crystallographic
the stepped W(320) surface, each on one half of a single
side of the crystal. The crystal was cleaned by standard
techniques'
until core-level spectra
oxidation-annealing
of the W(110}portion of the surface exhibited no contamination features and could be well 6t with parameters
determined from previous studies of clean W(110).
Low-energy electron diffraction (LEED) was used to veri-
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FIG. 2. Back-to-back data-set pairs taken on %(110) (solid
lines) and W(320) (filled circles). The bulk and W(110) surfaceatom BE's are marked with the vertical lines. (a') and (b) Photon
energy =60 eV, two di8'erent scattering geometries. (c} Photon
energy =90 eV. (d) Photon energy =65 eV.
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all other matched spectra which we have obtained. First,
the strongest peak from W(320) is always within +20
meV of the W(110) bulk peak. Second, the spectral
weight of the W(320) surface layer is spread over a wider
energy range than on W(110). Third, the W(320) surface
spectral weight is closer to the bulk BE than the surface
spectral weight of W(110), leading to a filling of the valley
between the two peaks compared to W(110) and an increase in the apparent bulk-peak height. In fact, some of
the surface spectral weight has shifted so far that it appears on the high BE side of the W(110) bulk peak. This
third observation contradicts results from previous studies, ' in which the step atoms were reported to induce an
overall shift of surface spectral weight to comparatively
lower BE away from the bulk peak.
In order better to appreciate the difference between our
spectra and what is expected for a bulk-truncated staircase model of W(320), we have simulated a core-level
spectrum of W(320) based on BE's for bulk-truncated
W(320) which come from a tight-binding band-structure
The simulated W(320)
calculation of this surface. '
are
spectrum and its simulated W(110) counterpart
displayed in Fig. 3 as filled circles and the solid curve, respectively. As expected from the relative atomic coordination numbers, the step-atom component
has the
390 meV) and the
greatest binding-energy shift (SCS= —
underlayer component (SCS= —126 meV) appears between the terrace (SCS= —
287 meV} and bulk com= 0 meV). The tight-binding calculations
ponents (SCS —
differ slightly from coordination-number
expectations for
the base atoms (SCS= —
333 meV). As seen in Fig. 1, the
base atoms have higher coordination than the terrace
atoms, so their SCS should be smaller. This SCS
discrepancy for one row of base atoms has little effect on
the overall position on the W(320) surface spectral
weight, however. Another insignificant difference is the
287
slightly smaller SCS for the W(320) terrace atoms ( —
meV) compared to that of the W(110) surface atoms
—310 meV) in spite of equivalent coordinations.
(

'
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Figure 3 clearly shows that the tight-binding calculations predict only subtle differences between W(110) and
W(320) spectra. Even though the step-atom component is
shifted —103 meV from the terrace atoms, a separate
step-atom peak is not exhibited. The overall effect of the
underlayer, base, and step-atom component shifts is a
slight broadening of the surface peak with little change in
its overall position.
A comparison of Figs. 2 and 3 shows that, although
the bulk peak is the most intense feature in all cases,
there exist major differences between our measured
W(320) spectra and the stimulated one. First, and most
obvious, the measured surface-peak peak intensity is considerably reduced compared to the simulated spectrum.
This reduction implies that the binding energies of the
surface atoms are spread over a wider energy range than
the tight-binding theory predicts. The observation of the
bulk-peak height in the measured W(320) spectra being,
in general, larger than its W(110} counterpart is in contrast to the matched pair of simulated spectra. Clearly
surface}
the tight-binding theory (of a bulk-terminated
fails to account for the observed core-level spectrum of
the stepped W(320) surface.
A quantitative assessment of the average position of
the surface spectral weight is made by calculating the
4f 7/2 binding-energy centriod ( BE) as a function of the
fractional bulk signal. This allows us to compare spectra
obtained at different collection geometries for which
final-state scattering effects will change the surface:bulk
intensity ratio. For all spectra we have defined (BE) as
d(BE) (4f7/2 spec[ d(BE) (BE) (4f7/2 spectrum)]l[
trum)], where the integrations are done over a 1.4-eV
window surrounding the 4f 7/g peaks and the background
has been subtracted from each spectrum before integration. The background was determined from simultaneous
least-squares fitting of each spectrum and its background.
The background depends only slightly on the choice of
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FIG. 3. Simulated core-level photoemission spectrum based
on tight-binding calculations of Ref. 5. Also see Ref. 13.

((BE)) vs bulk fractional signal for
and measured W spectra. The solid line is from
(simulated) W(110), the dashed line is from simulated W(320),
the filled circles are from measured W(320) spectra, and the dotted line is for an average SCS of —140 meV.
FIG. 4. Centroid
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model function used to describe the 4f7/2 spectrum and
thus has essentially no effect upon the value of (BE)
presented in Fig. 3. The fractional bulk signal is defined
as (integrated bulk 4f 7/2 intensity)l(total
integrated
4f7/2 intensity). For the measured data the fractional
bulk signal was obtained from the matching W(110) spectra. In Fig. 4, the solid line is the (BE) for W(110), for
which there is only a single surface component at a
SCS= —310 meV. The dashed line shows the result from
the simulated W(320) spectrum based on the tightbinding calculations shown in Fig. 3 and discussed
above. The difFerence in (BE) between W(110) and
simulated W(320) is minimal regardless of the fractional
In contrast, the (BE) for measured
bulk intensity.
W(320) spectra over the same range, indicated by the
solid circles in Fig. 4, are consistently at higher ( BE ) .
This measured (BE) for W(320) corresponds to an average SCS of only ——140 meV (dotted line in Fig. 4), a
change of +170 meV compared to W(110).
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FIG. 5. Four-component

analysis of &{320)spectrum. In {a)
all surface components have the same shape. In {b) S3 has a
Gaussian width twice as large as the other surface components.

values (80 meV and 0.063, respectively). Since these line-shape parameters are not greatly
different from those for bulk W, it is expected that they
should not change appreciably between the surface of
W(320) and W(110). Details of the surface Gaussian
width varied from model function to model function and
are described as necessary below. The underlying background intensity was modeled with either a linear or
power-law function. In order to ensure convergence and
consistency of the fitting parameters we found it necessary to simultaneously fit pairs of W(320) spectra.
Using these constraints we find that equally acceptable
descriptions of W(320) spectra can be obtained with either three or four separate components. Fits with more
than four components were unsuccessful because they
generally resulted in two components with nearly identi-
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TABLE I. Summary of least-squares analysis with model functions illustrated in Figs.
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IV. NONLINEAR
LEAST-SQUARES ANALYSIS
Having shown that the tight-binding theory is inadequate for interpreting the W(320) core-level spectra, we
turn to least-squares analysis of the data. Our objective is
to find a model (or models) based upon the least number
of inequivalent tungsten atoms that provide statistically
satisfactory fits to all of the data. As we show below,
there are several model functions which satisfactorily describe the data; hence we cannot make a definitive assignment of individual 4f7/i BE's for each inequivalent atom
represented in Fig. 1.
The data were nonlinear least-squares analyzed with a
variety of models upon which were imposed the following
physically motivated constraints. The lifetime width and
singularity index of the bulk feature on W(320) were fixed
to values obtained from earlier data on W(110) (65 meV)
We found that the Gaussian
and 0.035, respectively).
width for the bulk peak, which is used to describe phonon broadening, instrumental resolution, and possible ineffects, was never significantly different
homogeneous
from that of the matched W(110) spectrum. For other
components, which account for the various surface atoms
[and possibly the underlayer row u, (Ref. 15)], the lifetime width and singularity index were constrained to
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cal binding energies, and consistency between data sets
could not be achieved.
Figure 5(a) displays the results (for one data set) of the
most conventional model function used for analyzing the
W(320) surface. The components in this fit are constrained to have the same Gaussian width as their W(110)
With this requirement four components
counterparts.
are found to be necessary for adequate representation of
the data. The results are summarized in Table I. In
favor of this model function is an S, SCS identical to that
of W(110) surface atoms. Also, the bulk-peak intensity is
nearly identical to that from the flat surface. However,
the division of surface spectral weight I(S, } among the
three surface features is somewhat problematic. Since
there are five atomic rows of surface atoms per terrace,
each row should ideally produce 20%%uo of the surface spectral weight. Therefore I(S3) only accounts for slightly
' of a terrace row.
more than —,
In order to increase the S3 intensity the restriction on
the Gaussian width was lifted. Figure 5(b} shows a fit to
one data set where the Gaussian width of S3 is set to
twice the value of the other surface lines. The intensity
of S3 now corresponds to one rom of terrace atoms. Intensities I($, ) and I(S2) each account for two rows per
terrace. With this description the bulk intensity is again
slightly larger than for the flat surface.
While the model displayed in Fig. 5(b) is realistic from
the viewpoint of component intensities, we find that three
components are also sufficient for describing the data, although the constraints on the surface Gaussian widths
must be lifted. One such fit is illustrated in Fig. 6(a).
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With this model we found it necessary to constrain the
position of Sz. Otherwise it grows in intensity at the expense of the bulk component, a clearly unphysical result.
A slight variation on this model function is illustrated in
Fig. 6(b), in which S2 is given asymmetric Gaussian character. Here the only additional constraint is that the
low-BE Gaussian width of Sz is set equal to the surface
Gaussian width on W(110). Without this control the
low-BE Gaussian width of Sz unphysically
narrows
below that for the flat surface. Again, the general results
of both three-line analyses are included in Table I. The
resultant surface intensities in either three-line model
function implies that S& accounts for three rows per terrace, and Sz accounts for the remaining two rows.
V. DISCUSSION
Our measurements are in marked disagreement with
both the tight-binding theory and coordination-number
concepts of a bulk-terminated W(320) surface and with
earlier experimental data. ' As summarized in Table II,
the coordination-number
approach predicts the step
atoms to have a SCS( —
310 meV, while the tight390 meV. The previous experibinding theory predicts —
mental results are —
590 and —
420 meV. In contrast,
our curve-fitting analysis shows that all surface-related
components have SCS's somewhere between —
310 and
+200 meV. Additionally, the (BE) analysis (Fig. 4)
shows that the average SCS for W(320} is ——140 meV
—310 meV for both theories and the earcompared to
lier experimental data. We now discuss the discrepancies
with theory and then show that a systematic BE shift in
each of the earlier data sets reconciles all three experimental studies.
We first consider the possibility that the surface is isostructural to W(110); i.e., it is bulk terminated with no relaxation or reconstruction of the surface atoms. In this
case it is clear that both theoretical approaches must be
discarded as flawed. One physical process which may
help to explain the failure of coordination-number
ideas
is smoothing of the electron density at step edges, i.e., the
Smoluchowski effect.
Such smoothing will alter the
charge density of the step atoms from an atomic description upon which coordination-number
ideas are predicated. This viewpoint is supported by recent electronicstructure calculations of a stepped Al(331) surface'
where one would naively expect directional bonding to
favor an atomic-coordination
approach. Instead, the
electron density at steps was found to be better represented by microfacets of low-index surfaces rather than
discrete atoms with missing neighbors.
The possibility that the surface is not bulk terminated
comes from considering the accuracy of tight-binding cal-
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FIG. 6. Three-component analysis of the W(320) spectrum.
In (a) all components have a symmetric Gaussian component.
In (b) S& has asymmetric Gaussian character.
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culations of low-index %' and Ta surfaces which have
successfully predicted the relative SCS's on these associated surfaces. ' There are several physical reasons why the
stepped W(320) surface might be relaxed and/or reconstructed even though its fiat counterpart W(110) is not.
First, the existence of the step edge itself with any 1ocal
Smoluchowski smoothing of the charge density away
from a discrete-atom missing-neighbor
picture could
drive the step-edge (and possibly other) atoms away from
their bulk-truncated
positions. In a local chemicalbonding picture this corresponds to the step atoms attempting to saturate their bonds by changing their positions. This could be achieved either by relaxation toward
the bulk or through some sort of reconstruction parallel
to the surface. How localized (to the step edge) such a
rearrangement
might be is hard to suggest with any
confidence, since the bonding nature of solid W is somewhere between covalent and metallic due to the partially
localized nature of the 5d electrons which largely
comprise the valence band. We thus consider both stepin discussing the
localized and global rearrangements
data.
If a localized bonding picture is correct, then any
reconstruction or relaxation driven by the step edges
should leave at least some of the interior terrace atoms
isoelectronic to W(110) surface atoms. For this possibility
the least-squares analysis shows that at most only two
atomic rows remain unperturbed (SI in Fig. 5). ' The
step atom and its nearest neighbors (the base atom and
nearest terrace atom) would then be associated with the
surface spectral weight which sits close to the bulk
feature. We note that any such localized arrangement
must be consistent with our LEED observations that the
local (length scale smaller than a terrace width) periodicity on the stepped surface remains the same as on W(110).
However, a disordered reconstruction, where the disorder
is driven by temperature, would not be readily apparent
in our observations.
There is also the possibility that a more global rearrangement occurs on this surface. On W(110) a p (1 X 1)
reconstruction (which preserves the unit-cell size) has
been observed upon H coverage in excess of 0.5 monolayer, ' It was suggested that the H sits in isodirectional
threefold sites and thus drives a lateral shift of the surface layer along the (110) direction. Since (110) is perpendicular to the step edges on W(320), the presence of
the steps themselves may provide an asymmetry suScient
to induce a similar reconstruction. For such a reconstruction all of the surface atoms would likely experience
similar core-level shifts toward higher binding energy
expectation) due to an
(away from the bulk-truncation
effective increase in coordination. We obtain a numerical
core-level shift
estimate of such a reconstruction-induced
on W(320) from a previous core-level study of the
HiW(110) system. ' In that study an increase in the
surface-atom core-level binding energy of 130 meV due
solely to the reconstruction (aside from a chemical shift
due to direct bonding with H) was inferred. This is remarkably close to the 170-meV (BE) increase between
a local atomicW(320) and W(110). Although
coordination picture still fails in this scenario for W(320),
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FIG. 7. Core-level photoemission data of W(320) and W(110)
from Refs. 5 and 6. Filled circles are from W(320) and solid
lines from W(110). Curves a and b are from Ref. 6. Curves c
and d from Ref. 5.
due to the large observed spread in surface spectral
weight, a global reconstruction such as this where all of
the atoms are similarly displaced agrees on average with
atomic-coordination estimates.
We now offer an explanation for the difference between
our study and earlier core-level studies, where it was concluded that the step atoms produce a low-BE feature consistent with an atomic-coordination or tight-binding interpretation of a bulk-truncation model of W(320). ' In
Fig. 7 we display pairs of W(110) and W(320) data from
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FIG. 8. Same data as in Fig. 7 except W(320) spectra have
been shifted up in BE by 110 meV (a) (Ref. 6} and 300 meV (b)
(Ref. 5).
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these two previous studies. Curves a and b in Fig. 7 are
W(320) and W(110) spectra, respectively, from Ref. 6,
while curves c and d are analogous spectra from Ref. 5.
In both sets of data it does indeed appear that a low-BE
feature attributable to the step atoms exists. However, in
comparison with the present data with accurate relative
BE's of W(320) and W(110), it seems that in both previous cases the W(320) spectra were inappropriately shifted
to lower BE. Judging from the position of the most intense feature in our W(320) data, which is within 20 meV
of the bulk BE, the W(320) spectra in Ref. 6 have been
shifted by ——110 meV, while the W(320) spectra in Ref.
300 meV. In Fig. 8 we again
5 have been shifted by ——
display the previous spectra but have shifted the W(320)
,spectra
upwards in BE by these amounts, 110 meV for
the data from Ref. 6 and 300 meV from Ref. 5. With
these BE corrections, the previously reported data are
now strikingly similar to each other and to our own data

of Fig. 2.
While it is difBcult to pinpoint the sources of bindingenergy error in the earlier investigations, we offer the following suggestions. It appears that in Ref. 5 the W(320)
bulk peak was incorrectly taken for one due to terrace
atoms. In Ref. 6 the error apparently arose in the fitting
process in which a peak located above the bulk-peak position was misidentified as the bulk peak. We note that the
authors of Ref. 6 quote an uncertainty of +50 meV in
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their bulk-peak position, a value not much smaller than
the suggested error of 110 meV.
In summary, we have presented core-level photoemission data from W(320) which are in distinct contrast to
exmicroscopic calculations and coordination-number
pectations for this surface. We have discussed the possibility that a different theoretical approach may be needed
to understand stepped-surface SCS's and have considered
possible reconstructions which may affect the SCS's. We
have further reconciled two earlier sets of data by invoking systematic BE errors in the previous studies. Our reof
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sults
interpretations of core-level spectra
coordination-number
from other high-index surfaces and highlight the need for
more first-principles calculations of core-level binding energies of stepped-surface systems.
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